INTRODUCTION
The asteroid 5145 Pholus was discovered by Rabinowitz on UT January 9, 1992 (Scotti 1992) as part of the Spacewatch program. Two factors quickly made it obvious that this was an interesting object: First, it proved to be redder in color than any other asteroid or comet previously observed (Tholen 1992 , Mueller et al. 1992 , suggesting that it either has a unique composition or has evolved differently from other minor bodies. Second, Pholus' orbit, extending from 8.65 to 31.83 AU, is similar to that of the asteroid/comet 2060 Chiron, which exhibits intermittent amounts of cometary activity, even at large heliocentric distances. Chiron and Pholus were to become the first two objects in a new class of solar system bodies (now known as centaurs), which may represent the transition phase of Kuiper belt objects evolving into short-period comets.
Because Pholus' orbit is similar to that of Chiron, observers searched for signs of activity to determine if the two bodies shared other characteristics. Despite the fact that the first searches were executed shortly after Pholus passed perihelion, no sign of a coma has ever been observed in either morphology or spectra (e.g., Hainaut and Smette 1992, Binzel 1992) . However, models of the reflectance spectrum indicate that Pholus contains a number of different ice species and is probably a comet nucleus that has not approached the sun closely enough to initiate significant sublimation of its ices (Cruikshank et al. 1988) .
The lack of activity, on the other hand, has allowed a number of other physical properties of Pholus to be determined. Simultaneous optical and thermal measurements were used to compute an effective diameter of 185 ± 16 km and a visual albedo of 0.04 ± 0.02 (Davies et al. 1993 , Davies et al. 1996 . During January and February 1992, Buie and Bus (1992) and Hoffman et al. (1993) measured a double-peaked lightcurve with an amplitude of 0.15 mag, from which they independently found the rotation period to be 0.416 day. Buie and Bus also found that the slope parameter, G, from the H , G magnitude system (Bowell et al. 1989 ) has a value 0.16. Although G was determined for phase angles less than 4
• , Pholus' large heliocentric distance guarantees that the phase angle for ground-based observations will always be less than 6.6
• , so any extrapolations beyond the 4
• range will have small errors. In January 2000, we observed Pholus as a test case to explore the photometric capabilities of the McDonald Observatory 0.76-m telescope. The resulting data produced a lightcurve consistent with a 0.416-day rotation period, but with an amplitude almost three times larger than was measured in 1992. We realized that between 1992 and 2000, Pholus had revolved through more than 90
• of true anomaly, and the difference in the lightcurve represented a change in the orientation of the spin axis with respect to the Earth. Thus, information from the different lightcurves could be used to determine, or at least severely constrain, the rotation state of the body. We initiated a program to obtain a more complete coverage of Pholus' lightcurve, with the goals of determining the orientation of its rotation axis, the direction of spin, the sidereal period, and the axial ratios of the body. In addition, measurements would be obtained at different wavelengths to investigate whether or not there are variations in the colors as a function of rotational phase.
OBSERVATIONS AND DATA REDUCTION
A summary of the observing runs and geometric conditions is listed in Table I . Each entry gives the range of dates, the observation site, Pholus' heliocentric and geocentric distances, and solar phase angle. Observations denoted "0.76-m" were Bessel (1990) , were used for the observations (the same design of filters used by Landolt (1992) ). Observations typically consisted of a set of three images (600 or 900 s exposures), with two R images bracketing a single V image. This format produces a measurement of the lightcurve at two wavelengths and provides the information necessary for removing the effects of lightcurve variations from the V −R color determination. On May 4, 2000, B and I filters were also included in some sequences so that extended color information could be measured. The data denoted "2.1-m" were obtained at the McDonald Observatory 2.1-m telescope with the Imaging Grism Instrument and a 5 : 1 focal reducer. This configuration, combined with a TeK 1024 × 1024 CCD, results in a 7-arcmin field with 0.48 arcsec pixels. A Mould R filter was used for these observations, with exposure times of 600 s. Processing of the CCD images followed standard procedures and was done using the CCD reduction packages in the Image Reduction and Analysis Facility (IRAF). The bias was removed in two steps, first applying the overscan region to remove the bulk value, and then subtracting off a master bias frame, created by averaging many bias images, to remove the residual for each individual pixel. Flat fielding was done using dome flats on the 0.76-m telescope data and twilight sky flats on the 2.1-m data.
Photometric measurements were obtained using the IRAF photometry packages. A 3-arcsec radius aperture was used for extracting magnitudes because it provided the best signal-tonoise for the fainter program objects. In all images, Pholus appeared stellar, so the effects of coma could be neglected in the measurements. The sky background was computed from an annulus with an inner radius of 10 arcsec and an outer radius of 20 arcsec. Pixels in this annulus whose values differed from the average by more than 3σ were removed from the sample. Uncertainties on the instrumental magnitude include the uncertainty in the sky background and the photon statistics on the signal above the background level.
Many of the observations were obtained under nonphotometric conditions, so a reduction technique that could incorporate these data was needed. For this reason, we used differential photometry, with field stars in the image providing the photometric reference frame, to assemble the lightcurve. Pholus' magnitude was measured in each frame, along with the magnitudes of at least 10 of the brightest nonsaturated stellar objects, selected to act as comparison stars. Pholus' proper motion is small enough that the same stars were in the field-of-view over several nights, allowing a constant reference frame to be used throughout an entire observing run. For each comparison star, magnitudes from all of the images were combined to yield an average instrumental magnitude for that star (e.g., for star i, m i ave = j 1 m i j for all images, j). These average magnitudes were then used to correct for the relative amounts of extinction between the different images, as follows: For a given image, the difference between the average and measured magnitudes was computed for each star (( m) i j = m i j − m i ave ) and the overall m for the image was found by averaging the ms for all of the comparison stars in the frame (( m) 
Finally, all of the measured magnitudes from the given image, including that for Pholus, were shifted by this factor (m i j common = m i j − ( m) j ave ). Applying this procedure to each image adjusts all of the measured magnitudes to a common (though arbitrary) level of extinction. As discussed below, the entire lightcurve can then be corrected to an absolute magnitude scale using the images that were obtained under photometric conditions.
The uncertainty in ( m) ave was computed from the scatter in its individual components, which overwhelms the uncertainties on each individual measurement. This error was then added, in quadrature, to the error on Pholus' measured magnitude to get a final uncertainty. We note that because we made use of the high signal-to-noise measurements of the brightest stars, the differential photometry introduces only a small additional uncertainty (compared to the measurement errors) into Pholus' magnitudes.
During each of the first three observing runs listed in Table I , at least one night was photometric, allowing the lightcurve for each run to be calibrated to an absolute scale. On these nights, Landolt standards (Landolt 1992) were observed at several airmasses and in all filters so the extinction and color coefficients could be determined, as well as the zero-point offset of the instrumental magnitudes. In all cases, the color terms were very small and had little effect on the final results. Next, the extinction coefficients were used to compute the magnitudes of the comparison stars in the standard photometric system, and the relative photometry measurements were then used to shift the Pholus lightcurve to the standard system. Because relative photometry was utilized with the same comparison stars from night to night, we were able to calibrate the data from nonphotometric nights, which typically had thin cirrus or intermittent clouds. Even on these nights, however, the data were of sufficient quality that the differential photometry technique is reliable, though the measurements have larger uncertainties. The final magnitudes were then used to compute the B − V , V − R and R − I colors of Pholus. Table II sufficiently photometric to allow calibration to an absolute scale; however, these data were included in the rotation analysis by assembling a lightcurve using the relative photometry techniques described above. This lightcurve was then shifted vertically to match the composite lightcurve of all the data as described in the next section. The magnitudes listed in Table II for these data reflect this shift. The last step in assembling the lightcurve was to convert the data to absolute magnitudes, H R and H V . To accomplish this, we removed the effects of changing distances by correcting the magnitudes to r = 1 AU and = 1 AU, and then removed the phase angle effects using the principles of the two parameter (H , G) system of Bowell et al. (1989) . Buie and Bus (1992) found that their data were best fit by a slope parameter G = 0.16 ± 0.08; our results are consistent with this slope, so we adopted it for extrapolating the magnitudes to zero phase angle. Finally, the observation midtimes were corrected for the light travel time to put the observations into the asteroid-centered reference frame.
ANALYSIS

Rotation Period
The period analysis was done using the phase dispersion minimization (PDM) technique (Stellingwerf 1978) . With this technique, the data are systematically phased to different periods, and the amount of scatter is computed for each period. The most likely period is the one that produces the smallest amount of scatter in the phased lightcurve. We implemented the same basic approach as described by Stellingwerf, but with modifications that allow the data to be weighted by their uncertainties.
To determine the most likely period, we started with the R filter data and solved for the period. The V filter data were then phased to the same period and shifted vertically until they matched the R lightcurve. Then we again solved for the best period with the combined R and V lightcurves. We iterated this process until the result converged; however, we note that the period determination was not very sensitive to the exact vertical alignment of the R and V lightcurves. The August 2000 (nonphotometric) data were incorporated into the composite lightcurve in the same manner, with the vertical shift in the R magnitudes representing the correction for both the average extinction and the phase angle effects. After the best period had been determined, the uncertainty was estimated by increasing and decreasing the period until the phasing of the data was noticeably poorer than at the optimum period. This method produces an overestimate of the true uncertainty in the period, but even this overestimate was sufficiently constraining for the rest of the pole analysis, described below.
After systematically exploring periods from 0.1 day to 2 days, we determined that the rotation period that produces the least amount of scatter in the 2000 data was 0.41593 ± 0.00005 day. Figure 1 shows the lightcurve, corrected to the absolute magnitude (H R ) system and phased to this period. Our result is a remarkable match to the 0.41594 ± 0.00017 day period determined by Buie and Bus (1992) , which strongly suggests that Pholus is in a state of simple rotation. It should be noted that, even though our data sets tend to have fewer points per night and larger error bars than the 1992 data, we were able to put a tighter constraint on the period because of the longer time span of our observations. Furthermore, we can state that, although we are technically measuring the synodic rotation period, our result represents a very close approximation to the sidereal period. This is due to Pholus' large heliocentric distance, which produces little change in Earth-Sun-Pholus viewing geometry during the period of observation. With little change in the geometry, any synodic effects introduced into the period will be very small.
Rotation Axis Orientation
There are a number of different methods that can be used for determining the orientation of an asteroid's rotation axis. The techniques we utilized were the amplitude-magnitude method and the epoch method, both described by Magnusson (1986) . Each technique utilizes a different aspect of the data set, and when used independently, will usually produce only a loose constraint on the pole position. Fortunately, the constraints from each method are in orthogonal directions so that when used in combination, the two techniques complement each other and can be used to ascertain an accurate measure of the pole position. Additional parameters, including the sidereal period, axial ratios, and direction of rotation, are also determined as part of the pole solution. To apply these techniques, at least three lightcurves obtained on different dates are needed to provide information about the changing aspect of the asteroid as it moves around its orbit.
Four measurements of the lightcurve were available to be considered for inclusion in this study: Buie and Bus (1992), Hoffman et al. (1993) , Davies et al. (1998) , and the 2000 lightcurve presented above. As discussed earlier, the Buie and Bus data (with ecliptic longitude 117
• < λ < 119 • ), obtained in January and February 1992, produced a well-defined lightcurve and a high-precision rotation period. The lightcurve is of suitable quality for use in the pole analysis. The second lightcurve was obtained by Hoffman et al. during the same time frame as the Buie and Bus data. It is of lower quality, however, and was obtained with nonstandard wideband filters. Because of the lower quality and the duplication in dates, it was felt that this data set would not provide any additional constraints, and the lightcurve was not used in the pole analysis. Davies et al. observed Pholus in May 1997; however, they did not obtain enough data to completely outline the lightcurve. Instead, with foreknowledge of the rotation period, they obtained measurements at particular times over a 3-day window. Data from the first two nights provided enough information that they were able to determine the times at which extremes in the lightcurve occurred; this knowledge then allowed them to target their measurements on the third night to obtain a maximum and a minimum. A second minimum was fortuitously sampled on the first night.
Because the Davies et al. (1998) data do not completely define the lightcurve, we were concerned about whether or not the measured maximum and minima were representative of the extremes in the lightcurve. To this end, we performed an exhaustive series of tests in which we fit sine curves, representing a periodic lightcurve, to the Davies et al. measurements. By systematically changing the amplitude of the sine curve, its average magnitude and its phase shift, we could investigate whether any sine curves could be fit to the data without the measured extremes corresponding to the computed ones. Results of these tests indicate that, given the spacing of the rest of the measurements, it was not possible to produce a reasonable fit to the data without the extreme points falling within 0.02 day of the computed maximum and minima. Thus, the Davies et al. measurements appear to define the times of the lightcurve extremes to within 5% of a rotation period. Similarly, the magnitudes of the measured extremes were representative, to within the errors, of the expected values in sine curves with acceptable fits. We note that, because these measurements are near the flat regions at the top and bottom of the lightcurve, any uncertainty in the time of the actual peak will not introduce much error into the amplitude. These results indicate that the measured extremes can be considered to be accurate representations of the amplitude of the lightcurve variations, and that, even though the Davies et al. lightcurve is not complete, it can still be used to provide constraints to the pole analyses.
The first technique we used for finding the pole orientation was the amplitude-magnitude (A-M) method, described by Magnusson (1986) . First, it was assumed that the asteroid can be represented by a homogeneous triaxial ellipsoid in simple rotation, with the phase angle bisector (Harris et al. 1984) used as the reference direction. Given a pole position and set of axial ratios, the expected maximum and minimum magnitudes of the lightcurve can easily be computed for any given date. Thus, to find the pole position and set of axial ratios that best match the observations, a grid search of pole positions was done, stepping through ecliptic latitudes and longitudes at intervals of 5
• . For each pole position, a systematic search was performed to find the set of axial ratios that produced the best fit (lowest χ 2 ) to all of the measured lightcurves.
The assumption of a homogeneous triaxial ellipsoid is an important issue in this method because variations from this basic shape can produce changes in the lightcurves that influence the computed pole position (Kristensen 1994 ). In the case of Pholus, several factors suggest that, to first approximation, the triaxial ellipsoid is a good assumption. First, the lightcurve is double peaked, indicating that the object is elongated. Second, the shape of the lightcurve is symmetric, with both peaks and both minima having essentially the same brightness-a classic signature of a triaxial ellipsoid. Third, the lightcurve exhibits the same shape in 1992 and 2000, even though the amplitude increase shows that the viewing geometry has changed. Finally, the large size of Pholus means that any structures on the surface are likely to be small relative to its overall dimensions. On close examination, there are a few minor features in the lightcurve (primarily seen in the higher signal-to-noise 1992 data) and color variations as a function of rotation and aspect angle (discussed below) that suggest that Pholus may deviate from a homogeneous triaxial ellipsoid. However, Ostro et al. (1988) show that even small variations from an ellipsoidal profile can introduce drastic variations in the asteroid's lightcurve, so the fact that only minor variations are seen in Pholus' lightcurve means that any deviations from a triaxial ellipsoid shape are small. Similarly, the color changes are near the noise level, so the variations they introduce in the lightcurve will be small compared to the peak-to-peak amplitude. Thus, the assumption of a homogeneous triaxial ellipsoid shape is justified, at least to first-order.
A map of the best fits (lowest χ 2 ) for the A-M method solution is shown by the dotted lines in Fig. 2 . The solution is well constrained in the direction parallel to Pholus' orbit, but is not well determined in the perpendicular direction, and there are two approximately equal sets of solutions, 180
• apart on the sky. Both of these issues are normal for this technique because the magnitudes alone do not provide enough information to unambiguously determine the pole or the direction of rotation (Drummond et al. 1988) . Typical axial ratios corresponding to the lowest χ 2 regions are a/b ∼ 2 and b/c ∼ 1. Because of the incomplete lightcurve in the Davies et al. (1998) solution exists. Next, we changed the brightness of the Davies et al. maximum and minimum by up to ±3σ (in various different combinations) to determine how much the derived pole position would change. As it turns out, a 1σ change produces essentially no effect on the contours. Even changes as large as 3σ shifted the position of the lowest contours by only 5
• or so, and this was accompanied by an overall increase in the χ 2 values. Furthermore, the small changes in pole position are all perpendicular to the orbital plane, where the A-M solution is not well constrained to begin with. (This is to be expected, because the Davies et al. results simply reduce the pole solution to small arc segments that lie on the circles already determined using the other two lightcurves.) Thus, the uncertainties introduced by the Davies et al. lightcurve have little effect on the A-M pole solution.
The second technique we used for finding the pole orientation was the epoch method (Magnusson 1986 ). This method utilizes the epoch at which features appear in the lightcurve to evaluate the synodic effects of rotation and to relate them to the orientation of the pole. In finding the pole position, the sidereal period and direction of rotation are also determined. This method relies on the assumption that features (e.g., peaks) in one lightcurve can be uniquely identified with their corresponding features in lightcurves obtained at different times.
In our application of this method, we use the maxima and minima of the lightcurve to define the epochs used in our analysis. Because the lightcurve is double peaked, we must be sure that we match the correct peaks in the different lightcurves, rather than offsetting them by a half phase. A look at the uncertainty on our period determination shows that it is too large to confidently connect the peaks from the 2000 lightcurve to those in the 1992 lightcurve; however, we do have sufficient accuracy to match the peaks in the 2000 data to those in the 1997 data. With this identification, we can compute a more precise period and then incorporate the 1992 lightcurve into the solution. We performed our analysis using measurements of epochs for both peaks and both minima, with a total time span covering 7,400 rotations. The solid lines in Fig. 2 show the best χ 2 contours for the north pole solution as determined by the epoch method. Again there are two elongated solutions, but in this case they are constrained most tightly in the direction perpendicular to Pholus' orbit.
The intersection of the two sets of χ 2 maps in Fig. 2 illustrates how the A-M and epoch methods complement each other in the final determination of the rotation pole orientation. For Pholus, one solution is located at ecliptic coordinates λ 0 = 149
• , β 0 = +26
• , with a sidereal period of 0.4159256 ± 0.0000016 day and axial ratios a/b = 1.8 and b/c = 1.0. The second solution is located at λ 0 = 337
• , β 0 = −5 • , with the same sidereal period as above, and axial ratios a/b = 1.9 and b/c = 1.1. Uncertainties in the pole positions are approximately ±5
• . Because the epoch method determines the north pole direction (by the right hand rule), the first solution represents prograde rotation and the second solution is retrograde with respect to the ecliptic plane. Examination of the residuals of these solutions indicates that the second solution has measurably higher values of χ 2 for both methods (15% higher for the A-M method, 20% higher for the epoch method), so we adopt the first solution (149
• , +26
• ) as the most likely pole position.
During our development of the routines, we used in the A-M and epoch method analyses, we performed tests to determine how reliably they could recover pole positions. Results of these tests, based on simulated data with added uncertainties, indicate that when the techniques are used together, they are very robust for determining pole positions. This is the case, even when the available data is sparse and noisier than the measurements used here. The uncertainties in the pole position quoted above were estimated based on the results obtained in these tests.
Colors
Our color analysis of Pholus was performed using the May 2000 data set, because it contained the largest quantity and highest quality of V filter measurements, and the only B and I magnitudes obtained under photometric conditions. The V − R color was determined using two methods. First, we shifted the V lightcurve vertically until it matched the R lightcurve, as described above. The resulting shift reflects an average of the V − R color throughout the rotational phase. From this process we obtain an average value V − R = 0.71 ± 0.03.
The second method used adjacent V and R magnitudes to produce a collection of color measurements. Not only can these individual measurements be averaged to get a general color, but they can also be used to evaluate possible color changes as a function of rotation. The results from this method are shown in Fig. 3 , phased in the same manner as described for Fig. 1 . In most cases, sequences were obtained with two R observations bracketing a V observation, producing a pair of color values that can be averaged to remove the effects introduced by the lightcurve variation. These averaged pairs are depicted by the solid symbols in the plot. In a few cases, the V observation was accompanied by only a single R observation, and no attempt was made to remove the effects of rotational variation from these data. They were included in the figure as open symbols, however, because they fill in some of the gaps in rotational phase. The error bars on the open symbols reflect an estimate of the uncertainty caused by the lightcurve variation.
Overall, the average color is consistent with that determined from shifting the composite V lightcurve, but Fig. 3 also indicates that the color appears to change with rotational phase. Although these variations are at only the 1.5σ level, the consistency between measurements at similar rotational phases suggests that the changes are real. The existence of color features is further suggested by the fact that the average color of Pholus is not as red as has previously been observed. Earlier V − R color measurements exhibit a wide range of values (Buie and Bus 1992, 0.810 ± 0.006; Mueller et al. 1992, 0.75; Luu and Jewitt 1996, 0.84 ± 0.07; Romanishin et al. 1997, 0.78 ± 0.04; and Davies et al. 1998, 0 .75 ± 0.02), but none are as low as the value presented here. One low measurement of 0.66 is given by Tholen (Mueller et al. 1992) ; however, this is based on preliminary reductions and is widely discrepant from other values obtained at similar times.
Finally, we also obtained measurements of the B − V and R − I colors. In these cases, we removed the variation in the lightcurve using a linear interpolation between two R measurements associated with the B, V , and I filters. We find values B − V = 1.05 ± 0.19 and R − I = 0.87 ± 0.07, which are both consistent with other measurements (Romanishin et al. 1997 , B − V = 1.19 ± 0.10; Davies et al. 1998 , R − I = 0.84 ± 0.07; Mueller et al. 1992 , R − I = 0.76 and preliminary B − V = 1.35) to within the uncertainties.
DISCUSSION
We used our lightcurve measurements, in conjunction with previously published results, to determine the fundamental rotation properties of 5145 Pholus. This is the first solid pole determination for a centaur and it proves that these properties can be found for a minor body in the outer solar system, even though the object may have traversed only a fraction of its orbit. With our measured pole position of λ 0 = 149
• , β 0 = +26 • , we can explore how the changing relative geometry of the Earth, Sun, and Pholus affects what is seen in the observations: Buie and Bus (1992) obtained their lightcurve with the sub-Earth point located at an asteroid-centered latitude of −52
• ; the most southerly extent was reached in April 1994, when the sub-Earth point passed just 11
• from the pole; the Davies et al. (1998) data and the lightcurve presented here were obtained at latitudes of −54
• and −32
• , respectively; and finally, the Earth will cross Pholus' equatorial plane again in 2008. Not only has the sub-Earth point been confined to Pholus' southern hemisphere for the past few years, but also the subsolar point has as well, which means a nonrotating model of the thermal emission should work well for obtaining size estimates of the body. It should be noted, however, that standard thermal models (e.g., Morrison and Lebofsky 1979) tend to assume that the object is spherical, so the elongation of Pholus may have an effect on the size determination.
As part of the pole solution, we found the axial ratios to be a/b = 1.8 and b/c = 1.0, which means that Pholus is highly elongated for its size. Applying the average dimension of 185 km from Davies et al. (1996) gives actual dimensions of 250 × 140 × 140 km, though as discussed above, the size determination may be affected by the elongation. Even with these axial ratios, Pholus is not unique, because a number of asteroids in the same size range have shapes with comparable or greater elongations (Weidenschilling et al. 1987) , and at least one Kuiper Belt object (1999 TD 10 ) has a lightcurve that suggests it is highly elongated (Consolmagno et al. 2000) . It has been proposed that asteroids with these elongations could represent rubble pile accumulations or contact binary asteroids rather than an elongated solid body. Given Pholus' relatively slow rotation period, it is well within the rotational stability limits for any of these structures, even if it is composed of low density ices (e.g., the inactive nucleus of a comet).
Finally, we observed color variations in Pholus as a function of rotation, whereas Buie and Bus (1992) saw no changes greater than 0.04 mag through half a rotational cycle. Because no activity has been observed, this implies that the features we are seeing have been revealed by changes in the viewing aspect since 1992. As discussed above, the 2000 data were obtained when the Earth was closer to Pholus' equator than during any of the previous measurements, which indicates that there may be a different surface composition in the northern hemisphere than in the south. This, combined with the fact that the north pole is essentially shielded from the Sun at perihelion, suggests that the two hemispheres may be experiencing different evolutionary processes. Further observations as the viewing aspect continues to change may produce even more interesting results, which could help resolve the current controversy involving centaur and KBO colors.
